The flow noise of a sonar platform is one of the main background interferences for sonar applications. This paper focuses on the flow noise of an axisymmetric body in a complex oceanic environment. Under the condition of a constant stream velocity which comes from the axial direction, an analytical method for computing the flow noise power spectrum in the transition region of the axisymmetric body is given in detail. The flow noise power spectrum computed by the analytical method is in agreement with the numerical simulation result. Then the flow noise physical features of the axisymmetric body in different incoming stream directions and velocity states caused by the complex oceanic environment are computed and analyzed by the numerical method. The results show that as the incoming stream direction changes, the transition region will migrate and the flow noise radiation direction of the axisymmetric body will also rotate at an angle which equals the stream direction variation. The flow noise energy generated by other directional incoming streams is slightly larger than that generated by the stream coming from an axial direction. When the incoming stream velocity is time-varying, the vorticity change on the axisymmetric body surface is obviously stronger than that under a constant stream, and the generated flow noise energy is also significantly larger. In addition, it indicates that there is a significant correlation between the intensity of flow noise energy and the magnitude of flow velocity.
Introduction
The noise sources of the underwater vehicle and other axisymmetric bodies include hydrodynamic, mechanical, and propeller noises. When the sailing speed of an axisymmetric body increases to a certain value, hydrodynamic noise will become the main noise source which is dominated by flow noise [1] . The noise comes from the turbulent pulsating pressure generated at the wall of the body surface due to the interaction between the shell and the fluid, which is usually referred to as flow noise [2, 3] . The flow noise is one of the main interference backgrounds that limits the performance of sonar mounted on an underwater platform; it reduces the signal-to-noise ratio of sonar and shortens the sonar detection range. In addition, it will radiate as a target sound source to a distant place [4, 5] . Due to the actual oceanic environment being very complex, such as existing surface sea waves, ocean currents, and other disturbance factors, disturbance factors will cause an angle of attack between the axis of the axisymmetric body and its motion direction, and they could also lead to the motion speed of the axisymmetric body to be time-varying [6, 7] . Therefore, it is of great significance to study the flow noise of an axisymmetric body in a complex underwater environment.
At present, there are two approaches used to research the flow noise of the axisymmetric body: experimental measurement [8] [9] [10] [11] [12] and numerical calculation [13] [14] [15] . The results of the experimental measurement are true and reliable, but they could be affected by interference noise and be limited by experimental conditions [8] . Theoretical and experimental studies [9] [10] [11] [12] have shown that the flow noise around the head of the axisymmetric body comes mainly from the radiated noise of the boundary layer transition region. The levels of pressure fluctuations in the transition region have been found to be significantly higher than those in the fully developed region of turbulent flow. The experimental study by Lauchle [9] showed that the transition from laminar to turbulent flow on the body appears to be an important source of flow noise.
Numerical studies of the flow noise started with Lighthill's acoustic analogy theory [16, 17] . The Lighthill equation was derived from the Navier-Stokes (NS) equation of fluid mechanics. In recent year, the Ffowcs Williams-Hawkings (FW-H) equation [18] , which was developed from the Lighthill equation, has been used for the prediction of the flow noise. Farassat et al. [19] [20] [21] presented the solution for the FW-H equation. An analytical calculation and numerical analysis of the physical features of the flow noise for an axisymmetric body were presented by Li [13] . However, the methods for calculating the surface pressure coefficient of the axisymmetric body and the displacement thickness difference of the transition region used in the analytical formula were not given. In addition, the incoming stream velocity magnitude studied in literature is constant and comes from the axial direction. In [15] , Yao et al. presented a numerical flow noise calculation method based on boundary elements. The difference between the FW-H method and the boundary element method in calculating acoustic noise was compared and analyzed. But the two methods are both numerical which are based on the finite element, and the flow noise was calculated under the conditions that when the incoming stream direction is horizontal, the incoming stream velocity is constant. Gross et al. [22, 23] studied the fluid separation of three-dimensional hemisphere-cylinders at different angles of attack from the flow field analysis perspective, but not involved the analysis of the sound field. Shi et al. [24] combined the large eddy simulation method with the Lighthill acoustic analogy theory to simulate the flow noise for an unmanned underwater vehicle with full appendages under different angles of attack. The numerical results showed that the angle of attack has little effect on the flow noise level of the vehicle while the angle ranges from 0 • to 4 • . The numerical studies about the flow noise of an underwater axisymmetric body in [25] [26] [27] were also under the condition of a constant stream velocity which comes from the axial direction.
To date, the studies about flow noise are mainly by numerical calculation, and the analytical method for computing the flow noise of the axisymmetric body is scarce. In addition, the influences of the variations of the incoming stream velocity and direction on the numerical calculation of the flow noise are not considered; these assumed calculation conditions are inconsistent with the real underwater environment.
The objective of this paper is to analyze the flow noise of the axisymmetric body in a complex oceanic environment, which means the incoming stream velocity is time-varying, and the incoming stream comes from different directions. To achieve the objective, an analytical method based on Liepmann's theory for calculating the flow noise of the transition region of the axisymmetric body is given. The methods for solving the surface pressure coefficient, the transition region length, and the displacement thickness difference in the analytical method are proposed and given in detail. Using the numerical calculation method, the flow noise features of the axisymmetric body in different incoming stream directions and different incoming stream velocity states caused by the complex oceanic environment are computed and analyzed. The results show that the flow noise energy is higher when the stream comes from other directions or the stream velocity is time-vary compared with that under the condition in the aforementioned studies. Accordingly, the radiation direction of the flow noise will rotate with the change of incoming stream direction. The paper is arranged as follows. A detailed analytical method for calculating the flow noise in the transition region of an axisymmetric body is presented in Section 2. The methods for solving the surface pressure coefficient of the axisymmetric body, the length of the transition region, and the displacement thickness difference of the transition region are presented. The theory about the numerical calculation method of the flow noise is given in Section 3. Section 4 presents the analytical and numerical results. The conclusions are presented in Section 5.
Analytical Calculation Method
A boundary layer will form when the stream passes the axisymmetric body. There are three flow states in the boundary layer of the axisymmetric body, as shown in Figure 1 . When the axisymmetric body moves in water, the boundary layer near the stagnation point remains laminar flow, and subsequently, it changes from a transition status to turbulence status. Related research carried out by Lauche [10, 11] showed that the noise measured in the laminar region (including the stagnation point) corresponds closely to that measured in the transition region. It indicates that the noise signal received by the acoustic pressure transducer on the head of the axisymmetric body comes mainly from the transition region. calculation method of the flow noise is given in Section 3. Section 4 presents the analytical and numerical results. The conclusions are presented in Section 5.
A boundary layer will form when the stream passes the axisymmetric body. There are three flow states in the boundary layer of the axisymmetric body, as shown in Figure 1 . When the axisymmetric body moves in water, the boundary layer near the stagnation point remains laminar flow, and subsequently, it changes from a transition status to turbulence status. Related research carried out by Lauche [10, 11] showed that the noise measured in the laminar region (including the stagnation point) corresponds closely to that measured in the transition region. It indicates that the noise signal received by the acoustic pressure transducer on the head of the axisymmetric body comes mainly from the transition region. Based on Liepmann's theory and without considering the acoustic diffraction loss of sound waves at the head of the axisymmetric body, the sound power spectrum that is received at the stagnation point of the axisymmetric body can be written as [28] ( ) 
where L is the circumference of the axisymmetric body in the position where the transition region is located; kc is the wavenumber, and kc = ω/uc; ω is the radian frequency; V∞ is the free stream flow velocity; uc = 0.8V∞ is the turbulent spot convection velocity; ρ is the fluid density; Δδ * denotes the displacement thickness of the transition; Δx is the length of the transition region; r is the axial length from the transition region to the stagnation point; ( ) z γ is the intermittency factor; and N(z) is the burst frequency. The experiment [29] showed that the dimensionless rise time (tiuc/Δx) is between 0.05 and 1.36. It is generally taken as 0.5. According to Josserand's experimental data [30] , Based on Liepmann's theory and without considering the acoustic diffraction loss of sound waves at the head of the axisymmetric body, the sound power spectrum that is received at the stagnation point of the axisymmetric body can be written as [28] 
where
and
where L is the circumference of the axisymmetric body in the position where the transition region is located; k c is the wavenumber, and k c = ω/u c ; ω is the radian frequency; V ∞ is the free stream flow velocity; u c = 0.8V ∞ is the turbulent spot convection velocity; ρ is the fluid density; ∆δ* denotes the displacement thickness of the transition; ∆x is the length of the transition region; r is the axial length from the transition region to the stagnation point; γ(z) is the intermittency factor; and N(z) is the burst frequency. The experiment [29] showed that the dimensionless rise time (t i u c /∆x) is between 0.05 and 1.36. It is generally taken as 0.5.
According to Josserand's experimental data [30] ,
From Equation (1), it can be seen that it is necessary to estimate the length ∆x and the displacement thickness difference ∆δ* of the transition region before calculating its radiated noise power spectrum. In addition, the pressure coefficient of the surface of the axisymmetric body must be obtained first before calculating the length of the transition region and the difference of the displacement thickness. The calculation methods of the surface pressure coefficient, the length of the transition region, and the displacement thickness of the axisymmetric body, are given below.
Panel Method for Computing the Pressure Distribution
The panel method is adopted to compute the pressure coefficient distributed on the surface of the axisymmetric body [31, 32] . The panel method with a basic source-sink distribution is used in the calculation of the potential flow. It divides the surface of the body into N small panels in some way. The source-sink density is distributed on the small panel. The source density is solved according to the boundary conditions, and then the velocity and pressure distributions of the flow field can be obtained. The basic equation of the method of source-sink distribution is given as
where P is the point on the boundary surface where the potential and velocity are evaluated; Q is the point where source is located, especially a point on the boundary surface; S denotes the boundary surface on which the flow is calculated; n is the unit normal vector; V ∞ is the incoming stream velocity; σ is the surface source density; and r PQ is the distance between two points in three-dimensional space, especially between the source and where the potential velocity is evaluated.
To solve Equation (7), a set of linear algebraic equations can be used to approximate the integral equation. Assuming that the number of surface elements which was used to approximate the surface of the body is N, and the source density, which is uniformly distributed on each element is σ j . j or i, which represents the serial number of the element, and is also used to identify the control points and the physical quantities therein. By applying integral Equation (7) to the control point i can obtain the following equation:
where n i is the unit normal vector to the ith element; δ ij is the Dirac function, and δ ij = 1, i = j 0, i j .
The physical meaning expressed in the left parenthesis of Equation (8) is that when the source density distributed on the jth surface element is the unit value, the contributions of the source density to the normal velocity of the control point on the ith surface element, which is called the normal velocity, influence the coefficient.
When i changes from 1 to N, Equation (8) becomes a system of equations with N unknown σ j and N linear algebraic equations, and the normal velocity influence coefficient also becomes an element in the normal velocity influence coefficient matrix. If it is represented by A ij , then Equation (8) can be written as N j=1 A ij σ j = −V ∞i ·n i (i = 1, 2, · · · N).
Equation (9) is used to replace the original integral equation. Solving the equation can obtain the source density σ j .
For a general three-dimensional flow, the velocity influence factor v ij can be expressed in three components, which is
where i, j, and k are the unit vectors along the axes of the reference coordinate system; and v xij , v yij , and v zij are simply the components of v ij . The normal velocity influence coefficient A ij is the projection of v ij in the n i direction, which is
The total velocity at the control point is expressed as the sum of disturbance velocity and incoming flow velocity as follows:
In summary, the surface pressure C pi distribution can be obtained as follows:
Calculation of the Transition Region Length
The Granville method [13, 33] is used to compute the length of the transition region of the axisymmetric body. The single parameter momentum integral method improved by Holstein and Bohlen [34] is used to solve the laminar boundary layer.
The momentum loss thickness θ is given by
where υ is the kinematic viscosity coefficient; r 0 is the distance from the surface to the axis of the axisymmetric body, and V ∞ is the incoming stream velocity. The dimensionless parameter λ proposed by Holstein and Bohlen is
where V ∞ = dV ∞ dx . The shape factor H(λ) corresponding to the dimensionless parameter λ can be obtained according to the shape factor correlation function value given by Thwaites.
The momentum thickness Reynolds number Re θ is
The displacement thickness δ* is computed from
The momentum thickness Reynolds number Re θcr at the unstable point is a function of the shape factor H [33] ; which is given by
where C 0 = 493.906, C 1 = 407.017, C 2 = 53.9041, C 3 = 24.1642, C 4 = −0.104478, C 5 = −2.81454, C 6 = 0.355919, and C 7 = 0.012027. The x coordinate corresponding to the intersection point between the function curve and the curve about Re θ (x) and H(x) is the unstable point x cr .
The laminar flow calculation method is still used in the boundary layer at the downstream section of the x cr point. For each boundary layer at the section, Re θ needs to be calculated, where ∆Re θ = Re θ (x) − Re θ (x cr ), and λ θ (x) is given by
x cr x tr x cr
The x coordinate of the intersection point between the curve of ∆Re θ and the curve of Re θtr -Re θxr is the unstable point x tr . The function curve of Re θtr -Re θxr with respect to λ θ is given by [33] Re
where D 0 = 820.571, D 1 = 28,273.8, D 2 = 707,219, D 3 = 5,167,690, and D 4 = 22,302,300. After obtaining the unstable point x cr and the transition point x tr of the axisymmetric body transition region, the length of the transition region can be obtained by
Calculation of Displacement Thickness Difference
The calculation steps of the difference of the displacement thickness in the transition region are presented as follows. The Head's method is used [33] to solve for the turbulent boundary layer of the axisymmetric body.
The calculation steps are as follows:
1.
The results of θ (n) and H (n) computed from the laminar boundary layer are taken as the initial values, where n denotes the unstable point; 2.
H 1 (n) is computed from
3. F (n) is computed from
where F means the growth rate of the volume flow in the boundary layer along the x direction, which is called the suction coefficient;
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where C f is the surface frictional stress coefficient;
9.
11. Then return to step 2, sequentially find all the θ and H in the transition region, and calculate the displacement thickness δ* according to Equation (17) .
At last, the displacement thickness difference is computed from
where δ * L is the displacement thickness of the transition region of the boundary layer, which is calculated in the laminar boundary conditions; and δ * T is the displacement thickness of the transition region of the boundary layer, which is calculated in the turbulent boundary conditions.
Numerical Calculation Method

Flow Field Control Equation
According to the law of mass conservation and momentum conservation, the Navier-Stokes (NS) equations of a three-dimensional incompressible viscous fluid can be written as [13] 
where f i is an external force; (x i , x j ) denotes the particle coordinates and is the function on t; u i and u j are the average velocity and the velocity fluctuation of the fluid, respectively; i, j = 1, 2, 3; ρ is the density of the fluid; p is the average pressure; and υ is the kinematical viscosity coefficient. u i u j is the Reynolds stress.
The RNG k-ε two-equation turbulent model used in this paper is given by
where C µ , σ k , σ ε , σ 1ε and σ 2ε are constants of the model.
Acoustic Field Control Equations
The Lighthill acoustic analogy theory is derived from the Navier-Stokes (NS) equation. In addition, the generalized Lighthill equation [16, 17] in the acoustic analogy theory is used to calculate the noise field. Its density wave equation is in the form of
where ρ is the change in the density caused by fluid disturbance, ρ = ρ − ρ 0 ; ρ and ρ 0 denote the fluid densities with disturbance and without disturbance, respectively; T ij is the Lighthill stress
Ffowcs Williams and Hawkings [18] developed the Ffowcs Williams-Hawkings (FW-H) equation based on the basic equations of Lighthill using a generalized function theory.
; p is the sound pressure in the far field condition, p = p − p 0 ; δ(f ) is the Dirac delta function, f is the wall function; H(f ) is Heaviside function; u is the fluid velocity; v is the body surface velocity; c 0 is the speed of sound in the far field; and n j is the unit normal vector pointing from the periphery of the solid to the flow field. The three terms on the right of FW-H equation represent monopole, dipole, and quadruple noises, respectively [35] . The solution process of FW-H equation can be divided into two steps. First, the renormalization group (RNG) k-ε two equation turbulent models are adopted to obtain flow field data, so the intensity and distribution characteristics of sound sources near the wall can be extracted. Then, the sound field is solved by integral extrapolation of FW-H equation. Only when the velocity reaches the subsonic speed, it is necessary to consider the quadruple noise. In general, the noise sources of the underwater vehicle considered are only the monopole and dipole noises. Farassat et al. [20] proposed a solution for the FW-H equation, which retains only monopole and dipole noises. It can be expressed as a summation of two different terms yielding the total pressure disturbance at receiver location,
In the above (x,t) is the receiver location and time, p T and p L represent the monopole and dipole noises, respectively.
In this paper, the solution of the flow field and FW-H equation are calculated by FLUENT software. In the sound field, the finite turbulent region with noise sources lies in an infinitely uniform, static acoustic medium, the reflection and scattering effects for sound propagation by the presence of boundaries and inhomogeneities are not considered. The numerical simulation results about pressure coefficient and flow noise power spectrum will be verified by analytical results.
Results and Analysis
The fore-body shape of the axisymmetric body selected in this paper is ellipsoidal, and the middle is cylindrical. The maximum length of the axisymmetric body is 2.6 m, and the maximum diameter is 0.3 m. The long and the short axes of the head ellipse are 0.3 m and 0.15 m, respectively.
Analytical Calculation Results
The process of the analytical method to calculate the flow noise is as follows. The calculation is under the condition of a constant stream velocity which comes from the axial direction.
1.
Calculation of the pressure coefficient
The pressure coefficient of the surface of the axisymmetric body calculated by the panel method is shown in Figure 2 . The theoretical analysis calculation result can provide reference and comparison for verifying the accuracy of the method used for numerical simulation. Figure 2a shows a partial cross-sectional view of the axisymmetric body (XY section). The blue line in Figure 2b represents the pressure coefficient distributed on the section of the axisymmetric body in Figure 2a 
Analytical Calculation Results
1. Calculation of the pressure coefficient The pressure coefficient of the surface of the axisymmetric body calculated by the panel method is shown in Figure 2 . The theoretical analysis calculation result can provide reference and comparison for verifying the accuracy of the method used for numerical simulation. Figure 2 (a) shows a partial cross-sectional view of the axisymmetric body (XY section). The blue line in Figure  2 (b) represents the pressure coefficient distributed on the section of the axisymmetric body in Figure 2 (a), which is calculated by the analytical method. Here, the incoming stream velocity V∞ is 20 m/s. 
Calculation of the displacement thickness difference and the transition region length
The dotted line in Figure 3 (a) represents the curve of Reθ. The solid line in Figure 3 (a) represents the curve of Reθcr given by Equation (18) . The x-axis coordinate value of the intersection point in Figure 3 (a) is the unstable point xcr. The curve of ΔReθ with respect to λθ is represented by the dotted line in Figure 3 (b). The solid line in Figure 3 (b) is given by Equation (20) . The x coordinate value corresponding to the intersection point is the transition point xtr.
By calculation, the length of the transition region of the model shown in Figure 2 
2.
Calculation of the displacement thickness difference and the transition region length
The dotted line in Figure 3a represents the curve of Re θ . The solid line in Figure 3a represents the curve of Re θcr given by Equation (18) . The x-axis coordinate value of the intersection point in Figure 3a is the unstable point x cr . The curve of ∆Re θ with respect to λ θ is represented by the dotted line in Figure 3b . The solid line in Figure 3b is given by Equation (20) . The x coordinate value corresponding to the intersection point is the transition point x tr .
corresponding to the intersection point is the transition point xtr.
By calculation, the length of the transition region of the model shown in Figure 2 (a) is 0.0601 m. The laminar and turbulent flows exist simultaneously in the transition region. Here, the relevant parameters of the laminar flow corresponding to the unstable point are used as the initial conditions to solve the rest parameters of the turbulent flow in the transition region. The displacement thickness difference of the transition region of the model is 7.3479 × 10 −5 . 
3.
Calculation of the flow noise power spectrum
The black dotted line in Figure 4 represents the flow noise power spectrum at the stagnation point of the axisymmetric body, which is calculated by Equation (1) The black dotted line in Figure 4 represents the flow noise power spectrum at the stagnation point of the axisymmetric body, which is calculated by Equation (1) 
Numerical Calculation Results and Analysis
The flow noise power spectrum at the stagnation point of the axisymmetric body is calculated by computational fluid dynamics (CFD). The process of the numerical method is as follows. The calculation is under the condition of a constant stream velocity which comes from the axial direction.
1. Establishing a model. The model is established with reference to the actual size. The ratio is 1:1. The three-dimensional computing domain used in CFD is shown in Figure 5 .
2. Meshing the grid. The grid is chosen as body grid in the calculation of CFD. To fully capture the wall turbulent fluctuating pressure, the boundary layer grid is used in the meshing for the hydrophone solid wall surface.
3. Setting flow field boundary conditions. The flow field calculation boundary conditions are shown in the Table 1. 4. Selecting a flow field turbulence model and solver. The renormalization group (RNG) k-ε two equation turbulent models are chosen in the flow field calculation. The finite volume method (FVW) is used to discrete the governing equations. Three-dimensional, discrete, implicit, and unsteady solvers are set in the FLUENT software.
5. Setting flow field calculation parameters. To obtain high-frequency flow noise, the time step is set to be 0.01 ms, the flow velocity of the inflow surface is 20 m/s, and the liquid density is 1000 Kg/m 3 . 
1.
Establishing a model. The model is established with reference to the actual size. The ratio is 1:1.
The three-dimensional computing domain used in CFD is shown in Figure 5 .
2.
Meshing the grid. The grid is chosen as body grid in the calculation of CFD. To fully capture the wall turbulent fluctuating pressure, the boundary layer grid is used in the meshing for the hydrophone solid wall surface.
3.
Setting flow field boundary conditions. The flow field calculation boundary conditions are shown in the Table 1 .
4.
Selecting a flow field turbulence model and solver. The renormalization group (RNG) k-ε two equation turbulent models are chosen in the flow field calculation. The finite volume method (FVW) is used to discrete the governing equations. Three-dimensional, discrete, implicit, and unsteady solvers are set in the FLUENT software.
5.
Setting flow field calculation parameters. To obtain high-frequency flow noise, the time step is set to be 0.01 ms, the flow velocity of the inflow surface is 20 m/s, and the liquid density is 1000 Kg/m 3 .
6.
Computing the flow field. Ensuring calculation has converged by the two criterions: The residual of the calculation parameters decreases with the increase of iteration times and then tends to be stable; the values of observation points do not change with the number of iterations. 7.
Setting sound field calculation parameters' boundary conditions. The reference sound pressure is 1 µPa, and the sound speed is 1500 m/s. The wall of the axisymmetric body is chosen as the noise source zone. The sound pressure receiver is set at the stagnation point.
8.
Computing the sound field. At first, the unsteady flow field is computed by solving the NS equations. Then, the FW-H integration approach is used to calculate the sound field. The surface (XY section) pressure coefficient distribution of the axisymmetric body calculated by the finite element method is shown by the solid red line in Figure 2(b) . It can be seen that the numerical calculation result is in good agreement with the analytical result, which was calculated by the panel method. The power spectrum of the flow noise at the stagnation point calculated by the numerical method is represented by the red dotted line in Figure 4 . It is indicated that the numerical result is in good agreement with the flow noise power spectrum obtained by the analytical expression.
The actual underwater environment is very complex. To overcome the difference between buoyancy and gravity during navigation, there will be an angle of attack between the axisymmetric body and its course. It can result in a certain angle between the incoming flow direction and the axis of the axisymmetric body. The flow field, radiation noise field, and power spectrum under different motion attitudes are analyzed below. The flow noise calculation process is the same as above, but the incoming stream velocity and the attitude of the axisymmetric body will be changed.
In Figure 6, (A) shows that the motion direction of the axisymmetric body which is consistent with its axis direction, (B) indicates that there is an angle of 10° between the motion direction of the axisymmetric body and its axis, and (C) shows that there is an angle of 10°between motion direction of the axisymmetric body and its axis. Here, the clockwise direction is taken as the positive direction. The performance of the numerical calculation method is verified by the theoretical, analytical calculation method given above. The pressure coefficient of the surface of the axisymmetric body calculated by the numerical method is verified by the panel method. The numerical calculation result of flow noise is verified by the result calculated by the analytical calculation method.
The surface (XY section) pressure coefficient distribution of the axisymmetric body calculated by the finite element method is shown by the solid red line in Figure 2b . It can be seen that the numerical calculation result is in good agreement with the analytical result, which was calculated by the panel method. The power spectrum of the flow noise at the stagnation point calculated by the numerical method is represented by the red dotted line in Figure 4 . It is indicated that the numerical result is in good agreement with the flow noise power spectrum obtained by the analytical expression.
In Figure 6, (A) shows that the motion direction of the axisymmetric body which is consistent with its axis direction, (B) indicates that there is an angle of 10 • between the motion direction of the axisymmetric body and its axis, and (C) shows that there is an angle of 10 • between motion direction of the axisymmetric body and its axis. Here, the clockwise direction is taken as the positive direction. motion attitudes are analyzed below. The flow noise calculation process is the same as above, but the incoming stream velocity and the attitude of the axisymmetric body will be changed.
In Figure 6 , (A) shows that the motion direction of the axisymmetric body which is consistent with its axis direction, (B) indicates that there is an angle of 10° between the motion direction of the axisymmetric body and its axis, and (C) shows that there is an angle of 10°between motion direction of the axisymmetric body and its axis. Here, the clockwise direction is taken as the positive direction. Figure 7(a) shows the surface pressure coefficient distribution of the axisymmetric body in attitude A, and 7(b) is the velocity field distribution corresponding to the attitude A. It is indicated that the pressure coefficient and the velocity field of the axisymmetric body in this attitude remain symmetric along the axis direction of the axisymmetric body, as shown in Figure 7 (a-b). Figure 7(a) indicates the surface pressure coefficient is largest at the stagnation point of the head of the axisymmetric body; it gradually decreases to a negative pressure along the curved surface of the head and then quickly returns to a positive pressure; this area is the transition region of the axisymmetric body. In this area, the pressure gradient is large, and the flow is very unstable. The Figure 7a shows the surface pressure coefficient distribution of the axisymmetric body in attitude A, and Figure 7b is the velocity field distribution corresponding to the attitude A. It is indicated that the pressure coefficient and the velocity field of the axisymmetric body in this attitude remain symmetric along the axis direction of the axisymmetric body, as shown in Figure 7a ,b. Figure 7a indicates the surface pressure coefficient is largest at the stagnation point of the head of the axisymmetric body; it gradually decreases to a negative pressure along the curved surface of the head and then quickly returns to a positive pressure; this area is the transition region of the axisymmetric body. In this area, the pressure gradient is large, and the flow is very unstable. The radiated noise received of the acoustic array in the head mainly comes from this area. Figure 7b shows that the velocity of the flow field of the transition region is larger than that on the other parts of the axisymmetric body. radiated noise received of the acoustic array in the head mainly comes from this area. Figure 7(b) shows that the velocity of the flow field of the transition region is larger than that on the other parts of the axisymmetric body. Figure 7 (c) shows to the pressure coefficient distribution of the surface of the axisymmetric body under attitude B, and Figure 7(d) shows the velocity field under attitude B. It shows that when there is a certain angle between the direction of incoming stream and the axis of the axisymmetric body, the pressure and velocity distribution are no longer axially symmetric along the axis.
In attitude B, the smallest pressure coefficient and the maximum velocity appear in the upper part of the head. It can also be seen that the maximum velocity on the head under attitude B is larger than that in attitude A. In attitude C, the smallest pressure coefficient on the head of the axisymmetric body is located in the lower half, and its maximum velocity also appears at this position. The maximum velocity on the head in attitude C is also larger than that in attitude A. Figure 8 (a-c) displays the radiated noise field of the axisymmetric body corresponding to the attitude A, B, and C, respectively. From Figure 8(a) , it can be seen that the radiated noise of the axisymmetric body is symmetrical along its axial direction, and the radiated noise mainly propagates outward along the direction perpendicular to the axis of the axisymmetric body. Figure  8(b) shows that the noise energy in the upper part of the axisymmetric body head becomes significantly larger than that of the other part of the head. Figure 8(c) shows that the noise in the Figure 7d shows the velocity field under attitude B. It shows that when there is a certain angle between the direction of incoming stream and the axis of the axisymmetric body, the pressure and velocity distribution are no longer axially symmetric along the axis.
In attitude B, the smallest pressure coefficient and the maximum velocity appear in the upper part of the head. It can also be seen that the maximum velocity on the head under attitude B is larger than that in attitude A. In attitude C, the smallest pressure coefficient on the head of the axisymmetric body is located in the lower half, and its maximum velocity also appears at this position. The maximum velocity on the head in attitude C is also larger than that in attitude A. Figure 8a -c displays the radiated noise field of the axisymmetric body corresponding to the attitude A, B, and C, respectively. From Figure 8a , it can be seen that the radiated noise of the axisymmetric body is symmetrical along its axial direction, and the radiated noise mainly propagates outward along the direction perpendicular to the axis of the axisymmetric body. Figure 8b shows that the noise energy in the upper part of the axisymmetric body head becomes significantly larger than that of the other part of the head. Figure 8c shows that the noise in the lower half of the head of the axisymmetric body becomes significantly larger. The results are consistent with the pressure field and the flow field conclusions under the three attitudes analyzed above. It means that the flow noise energy generated is larger when the flow velocity change is much larger. In addition, if the radiated noise propagation direction, shown in Figure 8a , is taken as a reference, then it can be seen that in attitude B, the propagation direction of the radiated noise is rotated by 10 • in a clockwise direction overall; in attitude C, the propagation direction of the radiated noise is rotated by 10 • in a counterclockwise direction. Figure 9 shows the power spectrums corresponding to the flow noise at the stagnation point of the axisymmetric body in three attitudes. The reference sound pressure is 1 μPa. It can be seen that the power spectrum of the flow noise at the stagnation point under attitudes B or C is larger than that under attitude A, but the difference is not significant. The results of the flow noise power spectrum are also consistent with the velocity field results that were analyzed above. This is because when there is an angle of attack between the incoming stream direction and the axis of the axisymmetric body, like attitude B; it leads to a more obvious change in the gradient of Figure 9 shows the power spectrums corresponding to the flow noise at the stagnation point of the axisymmetric body in three attitudes. The reference sound pressure is 1 µPa. It can be seen that the power spectrum of the flow noise at the stagnation point under attitudes B or C is larger than that under attitude A, but the difference is not significant. The results of the flow noise power spectrum are also consistent with the velocity field results that were analyzed above.
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The stream in the actual marine environment is complex; it causes the speed of relative motion between the axisymmetric body and seawater to be time-varying. Next, the flow noise at the stagnation point is simulated when the incoming stream velocity is constant or changes continuously with time. Figure 10b shows a spectrogram of the flow noise at the stagnation point of the axisymmetric body when the incoming stream velocity is constant, wherein the incoming stream velocity is shown in Figure 10a . Figure 11b shows a spectrogram of the flow noise at the stagnation point of the axisymmetric body when the incoming stream velocity magnitude changes with time and the incoming stream velocity (maximum velocity 20m/s) is presented in Figure 11a . As can be seen from Figures 10b and 11b The stream in the actual marine environment is complex; it causes the speed of relative motion between the axisymmetric body and seawater to be time-varying. Next, the flow noise at the stagnation point is simulated when the incoming stream velocity is constant or changes continuously with time. Figure 10 (b) shows a spectrogram of the flow noise at the stagnation point of the axisymmetric body when the incoming stream velocity is constant, wherein the incoming stream velocity is shown in Figure 10 (a). Figure 11(b) shows a spectrogram of the flow noise at the stagnation point of the axisymmetric body when the incoming stream velocity magnitude changes with time and the incoming stream velocity (maximum velocity 20m/s) is presented in Figure 11 (a). As can be seen from Figure 10 From Figures 10 and 11 , it can be seen that the energy of the flow noise at the stagnation point of the axisymmetric body is a function of the free stream velocity. The flow noise energy is highly correlated with the incoming flow velocity, which indicates that the spectrum level of the flow noise hardly changes with time when the incoming flow velocity is constant; when the velocity is time-varying, the intensity of the flow noise also changes with time. From Figure 11 , it can be seen that when the velocity becomes larger, the energy of the flow noise also shifts to a higher frequency correspondingly. In addition, as seen from Figure 10 , when the incoming stream velocity is constant, the energy of the flow noise is concentrated in a very low frequency band. Figure 11 indicates that when the incoming flow velocity changes with time, the energy of the flow noise is concentrated in a relatively wider frequency band, and the energy gradually decreases as the frequency increases and then tends to a stable value.
As seen from Figure 12 , when the incoming flow velocity is time-varying, the vorticity intensity on the axisymmetric body is greater. From Figures 10 and 11 , it can be seen that the energy of the flow noise at the stagnation point of the axisymmetric body is a function of the free stream velocity. The flow noise energy is highly correlated with the incoming flow velocity, which indicates that the spectrum level of the flow noise hardly changes with time when the incoming flow velocity is constant; when the velocity is time-varying, the intensity of the flow noise also changes with time. From Figure 11 , it can be seen that when the velocity becomes larger, the energy of the flow noise also shifts to a higher frequency correspondingly. In addition, as seen from Figure 10 , when the incoming stream velocity is constant, the energy of the flow noise is concentrated in a very low frequency band. Figure 11 indicates that when the incoming flow velocity changes with time, the energy of the flow noise is concentrated in a relatively wider frequency band, and the energy gradually decreases as the frequency increases and then tends to a stable value.
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Conclusion
The flow noise of the underwater axisymmetric body has two adverse effects. It propagates to the far distance as a target source and limits the performance of self-sonar. Therefore, the study on the physical features of the flow noise of the axisymmetric body in a complex environment has great significance. In this paper, a detailed analytical calculation theory model was given, which could provide a reference standard for numerical simulation. Using the numerical method, the physical features of the flow noise of an axisymmetric body in a complex oceanic environment were analyzed.
Some results are summarized as follows. (1) The flow noise power spectrum at the stagnation point of the axisymmetric body computed by the analytical method is in good agreement with that computed by numerical method. (2) The transition region of the head of the axisymmetric body will be significantly different in three motion attitudes; it will migrate with the change of the incoming stream direction, which is important for the sonar system design in the fore-body. (3) The radiation direction of the flow noise will rotate at the same angle with the change of the incoming stream direction. (4) When the stream velocity is time-varying, the flow noise energy generated in the transition region is significantly larger than that when the stream velocity is constant. (5) In addition, it can be found that there is a significant correlation between the intensity of the flow noise and the incoming flow velocity, which can be seen as a feature for noise reduction in acoustic array signal processing. 
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